To investigate the ecological role of caffeine, theobromine, theophylline and paraxanthine, which are released from purine alkaloid forming plants, the effects of these purine alkaloids on the division and colony formation of lettuce cells were assessed at concentrations up to 1 mM. Five days after treatment with 500 μM caffeine, theophylline and paraxanthine, division of isolated protoplasts was significantly inhibited. Thirteen days treatment with >250 μM caffeine had a marked inhibitory effect on the colony formation of cells derived from the protoplasts. Other purine alkaloids also acted as inhibitors. The order of the inhibition was caffeine > theophylline > paraxanthine > theobromine. These observations suggest that a relatively low concentration of caffeine is toxic for proliferation of plant cells. In contrast, theobromine is a weak inhibitor of proliferation. Possible allelopathic roles of purine alkaloids in natural ecosystems are discussed.
Purine alkaloids, such as caffeine (1,3,7-trimethylxanthine), theobromine (3,7-dimethylxanthine), theophylline (1,3dimethylxanthine) and paraxanthine (1,7-dimethylxanthine) , are secondary plant metabolites derived from purine nucleotides. The most widely distributed methylxanthine in the plant kingdom is caffeine, which accumulates in substantial concentrations in leaves and seeds of tea (Camellia sinensis), coffee (Coffea arabica), maté (Ilex paraguariensis) and a limited number of other plant species. Sizable amounts of theobromine are stored in the seeds of cacao (Theobroma cacao) and leaves of Chinese cocoa tea (Camellia ptilophylla) [1] [2] [3] [4] .
It has long been thought that these purine alkaloids are the waste end products of purine nucleotides. Degradation of caffeine in tea and coffee plants is extremely slow, and it appears not to act as a nitrogen reserve since considerable amounts remain in detached organs following abscission [5] . It has, however, also been proposed that purine alkaloids have an ecological role providing a chemical defense in planta against insect and vertebrate herbivores, as well as fungi, bacteria and viruses [6] . In such circumstances, the accumulation of caffeine in young leaves, fruits and flower buds of tea and coffee plants may act as a defense to protect soft, young tissues from pathogens and herbivores. The results recently obtained from transgenic caffeine-forming plants support this hypothesis [1, 7] .
On the other hand, chemical defense against neighboring plants of different or the same species is described as allelopathic or autotoxic function [8] . Caffeine in seed coats and falling flowers and leaves may be released into the soil and inhibit germination of seeds around the parent plants. For example, Chou and Waller [9] reported that aqueous extracts of leaves, stems and roots of Coffea arabica, in which caffeine was a major constituent, inhibited the germination and radicle growth of rye, lettuce and fescue seeds. Caffeine may, therefore, be a compound related to allelopathy.
However, little is known if these possible allelochemicals directly affect the cell proliferation of non-purine alkaloid producing plants.
In the present study, we investigated the effect of four purine alkaloids on the proliferation of lettuce cells using a method specifically designed to investigate allelopathy [10, 11] . By using this test system, it was easy to count the numbers of cells or colonies at different stages of proliferation using an inverted microscope ( Figure 1 ). Typically, protoplasts were isolated from leaves of 11-day-old seedlings (stage A). Cell wall formation was observed in isolated protoplasts after 24 h culture. The nonspherical enlarged cells (stage B) and divided cells (stage C) appeared two days after isolation of protoplasts. Further cell division then took place, and a colony was observed (stage D). At day 5, we counted the numbers of enlarged and divided cells. Most of the cells counted were enlarged cells (stage B), and only 2% were divided cells (stage C). At day 13 there were many divided cells and various colonies (stages C and D).
The effect of caffeine, theophylline, theobromine and paraxanthine on the proliferation of lettuce cells was investigated at days 5 and 13 after culture ( Figures. 2 and 3 ). Although the total numbers of cells of stage B and stage C at day 5 were reduced by all purine alkaloids, at 1000 μM, all, with the exception of theobromine, caused significant inhibition of the proliferation at 500 μM ( Figure  2 ). Thirteen days after culture, the number of colonies consisting of more than 4 cells was reduced by the addition of >250 μM caffeine. A higher concentration (500 μM) of theophylline and paraxanthine was also able to reduce proliferation. The order of the mean inhibition rate of the four purine alkaloids at 500 μM was caffeine (94%) > theophylline (69%) > paraxanthine (56%) > theobromine (0%). At 1000 μM, complete inhibition (100%) was observed in the treatment with caffeine and theophylline, and 88% and 84% inhibition by paraxanthine and theobromine. The results indicate that 250 μM of caffeine and less than 1 mM theophylline, paraxanthine and theobromine act as potent inhibitors of cell proliferation of lettuce cells to different degrees. Using intact plants, Chou and Waller [9] reported that some purine alkaloids had an inhibitory effect on the radicle growth of lettuce and 90% inhibition was caused by 1.5 mM caffeine. Rizvi et al. [12] also reported the selective phytotoxicity of caffeine between leguminous plants and some weeds. Seed germination of Amaranthus spinosus and Echinochloa colonum was inhibited by less than ~6 mM caffeine, but no significant effect was found on Phaseolus mungo. Although the concentration of caffeine used for intact plants is much higher than that used in our studies, these results suggest that caffeine is potentially functional as an allelochemical in some plant species.
In addition to caffeine, theophylline, theobromine and paraxanthine were used in the current study. In the natural environment, these three dimethylxanthines are minor components of the purine alkaloids in caffeine-forming plants such as tea and coffee; theobromine is a major purine alkaloid in cacao. In soil, some bacteria, including Pseudomonas putida and Serratia marcescens, produce paraxanthine and theobromine from caffeine [13] . The allelochemical activity of these dimethylxanthines is lower than that of caffeine. Among the dimethylxanthines, theobromine activity is markedly low. Although a mode of action of purine alkaloids on cell proliferation is unclear, methyl groups, especially the N1 methyl group, may be important for the inhibition.
Since the inhibitory effect of theobromine on cell proliferation is weaker than that of caffeine, cacao fruits, which accumulate theobromine, have little allelopathic effect. If caffeine derived from tea and coffee plants is catabolized to theobromine by soil bacteria [13] , allelopathic effects are reduced. Furthermore, these bacteria are able to catabolize completely purine rings and form glyoxylate and urea [13] (Figure 4 ). This results in the disappearance of caffeine-induced allelopathy. In plants, conversion of caffeine to theophylline is limited in caffeine-forming plants, but theophylline is catabolized in plants including non-caffeine forming plants [14] ( Figure 4 ). Exogenously supplied theophylline to the lettuce cells might be partly catabolized in planta.
In our previous paper [11] , we examined the effect of nicotinic acid on the proliferation of lettuce cells using a similar culture system. The results indicate that 100 μM nicotinic acid inhibits colony formation from protoplasts. Thus, compared with nicotinic acid, caffeine has less impact on plant cell proliferation.
In conclusion, the present results clearly show that caffeine and other purine alkaloids inhibit the proliferation of lettuce cells at 0.25-1.00 mM. Therefore, they may act as moderately effective allelochemicals. In cytology, it has been known that high concentration of caffeine inhibits cell plate formation of plant cells [15] . However, effects of low concentrations of purine alkaloids on plant metabolism have not yet been studied. The lettuce culture system used in this study is useful for further studies to elucidate the effect of caffeine at cellular and metabolic levels.
Experimental

Preparation of protoplasts:
Seeds of lettuce (Lactuca sativa cv. 'Great Lakes 366') were sterilized with 1.5% NaClO solution for 15 min and washed 3 times with autoclaved water. They were then cultured on 0.8% agar medium for 11 days at 25ºC in light (60 μmol m-2 s-1). Lettuce leaf protoplasts were isolated and purified according to Sasamoto et al. [11] using 1% Cellulase RS and 1% Macerozyme R-10 (Yakult Pharmaceutical Ind. Co. Ltd., Tokyo) in 0.8 M mannitol.
Culture of protoplasts:
For the protoplast culture, Murashige and Skoog [16] medium supplemented with 1 μM 2,4-dichlorophenoxyacetic acid, 0.1 μM benzyladenine, 3% sucrose and 0.8 M mannitol, was used, as described in a previous paper [11] .
Protoplast suspensions (250-5000 protoplasts in 5 μL) were put into 50 μL of liquid medium in a 96-well plastic culture plate (Falcon No. 3075 ). The cultures were placed in a humid incubator (Type APC-30DR, ASTEC Co. Ltd., Tokyo, Japan) at 30ºC.
Determination of cell proliferation:
To examine the effect of caffeine, theophylline, theobromine and paraxanthine on the growth of lettuce cells derived from the protoplasts, these 4 compounds were added to the medium at final concentrations of up to 1 mM. The numbers of non-spherically enlarged cells, divided cells and colonies were counted under an inverted microscope (type CK40, Olympus Corporation, Tokyo, Japan).
